Polyamines, putrescine, spermidine and spermine are low molecular weight polycations implicated in flowering and seed set and plants' responses under adverse environmental conditions. Research in other crops has shown that polyamine metabolism is greatly affected by water-deficit stress, however, no information exists on cotton (Gossypium hirsutum L.). A field study was conducted in 2011 in two contrasting locations (Fayetteville, AR, and Lubbock, TX) in order to investigate the effect of water-deficit stress during flowering on polyamine metabolism of the cotton flower and its subtending leaf. Treatments consisted of control (well watered) and water-stress (irrigation withheld for two weeks at the onset of flowering) in a split plot design. First day white flowers and their subtending leaves were collected at the end of each week of the stress period for determination of polyamine concentrations. Water-deficit stress resulted in significant increases in PUT and SPD levels of pistils and leaves compared to the control. However, pistil and leaf SPM content significantly increased under drought conditions in one location and remained unaltered in the other one. Leaf and pistil polyamine metabolism of cotton appeared to be greatly affected by limited water supply, however further research is needed to elucidate the ways polyamines can be used to increase cotton drought tolerance.
Introduction
Cotton (Gossypium hirsutum L.) is a perennial with an indeterminate complex growth habit and is very sensitive to adverse environmental conditions [1] . Since it originates from hot and arid areas [2] , cotton is well equipped with stress mitigation mechanisms such as leaf and root osmotic adjustment [3, 4] , production and accumulation of compatible osmolytes and heat shock proteins [5, 6] . However, as a result of its domestication and cultivation as an annual crop, modern cultivars are characterized by sensitivity to drought since the effectiveness of stress alleviation mechanisms is closely related to its indeterminate growth habit [7] . Even though debate still exists on which stage of development cotton is most susceptible to water stress, limited supply of water during flowering and boll development has been reported to be very detrimental for yield [8] [9] [10] [11] . Extensive research conducted to elucidate water-deficit stress effects on cotton, has focused mainly on leaf physiology and metabolism, with limited attention to cotton's reproductive units despite their great importance as yield determinants [12] .
Polyamine metabolism has been reported to be affected by conditions of water-deficit stress [13] . Polyamines are low molecular weight cationic polycations, with the main forms occurring in plants being the diamine, putrescine (PUT) and its derivatives, the triamine spermidine (SPD) and the tetramine spermine (SPM). They have been observed to participate in a variety of physiological and metabolic functions [14] while their presence is indispensable during flowering [15, 16] . Furthermore, changes in polyamine concentrations have been reported to be a common plant response to a variety of abiotic stresses such as salinity and high or low temperatures, as well as drought [13, 17] .
Regarding polyamine metabolism in cotton under abiotic stresses, Bibi et al. (2010) [18] reported that application of PUT on cotton flowers resulted in increases in PUT levels of the ovary and seed set efficiency under conditions of heat stress, while SPD and SPM concentrations were significantly decreased. Considering that wa-ter-deficit stress is the most important abiotic factor affecting crop production in almost 40% of cultivated areas around the world [19] and that drought events are projected to intensify in the future [20] , it is imperative that research efforts should be focused on finding ways to ameliorate the consequences of water-deficit stress. Therefore, the objectives of our study were to monitor and evaluate the alterations caused by water-deficit stress on the polyamine metabolism of the cotton pistil and its subtending leaf.
Materials and Methods

Plant Material
Cotton cultivar ST5288B2F seeds were sown at a density of ten plant per meter in a Captina silt loam (Typic Fragidult) soil on June 6th, 2011, at the University of Arkansas Agricultural Research and Extension Center Crop, Soil and Environmental Sciences Farm in Fayetteville, AR and in a sandy loam (Typic Amarillo) soil on May 30th, 2011 at Quaker Avenue Research Farm of Texas Tech University in Lubbock, TX. Plots were 4 m × 7 m with 1m borders between each plot. To maintain wellwatered conditions until stress was imposed, plants in Fayetteville, AR were irrigated to soil saturation every six days in the absence of saturating rainfall, while in Lubbock, TX subsurface drip irrigation was provided daily. Fertilizer application, weed control, and insecticide applications were performed according to extension center recommendations and practices.
Irrigation was withheld when plants reached the flowering stage (approximately 50% of the plants in the field had white flowers) which was July 20th in Fayetteville, AR and July 13th in Lubbock, TX. First sympodial branch fruiting position white flowers and their subtending leaves were sampled at 1200 h at the end of the firstand second week after irrigation was withheld. Tissues were immediately placed in an ice chest filled with dry ice and transferred to the laboratory, and stored at −80˚C in Fayetteville, while tissues from Lubbock were shipped overnight to Fayetteville for further determination of polyamine concentrations.
Soil Moisture Content
Six soil samples were collected from each treatment plot in both locations at the end of the first and the second week after irrigation was withheld using a soil auger. Fresh weight of the samples was determined after sampling, after which the samples were placed in a dryer (50˚C) until they were completely dry. Samples were weighed and their dry weight was determined. Soil moisture content was expressed as the ratio of dry weight/ fresh weight.
Stomatal Conductance Measurements
Stomatal conductance rates were taken at the end of the first and second week only at Fayetteville. Measurements were taken from the subtending leaf (n = 20) from 1100 h until 1300 h using a Decagon SC-1 Porometer (Decagon Inc., Pullman, WA). Due to the small surface area of the cuvette, three measurements on various areas of the leaf were taken and then averaged. The results were expressed as mmol/m²s.
Polyamine Extraction and Analysis
Polyamines were extracted according to Smith and Davies (1985) [21] An aliquot of 1.5 ml of the homogenate was transferred to 2 ml micro centrifuge tubes and the samples were centrifuged at 4˚C for 20 min at 14,000 rpm. The supernatant was collected and used for dansylation of polyamines.
The polyamines were derivatized by adding 100 µl aliquots of the supernatant to 1000 µl 21.2 mM of aqueous Na 2 CO 3 , 400 µl of 99.9% acetone and 50 µl of 12.5 mM and 100 µl of 87.5 mM of dansyl chloride in acetone. The mixture was incubated in a thermal reaction block at 60˚C for 1 h in the dark. After 1 h in the thermal block, the samples were removed and cooled to near room temperature, and 100 µl 1 N HClO 4 were added to the mixture and mixed. The samples were then centrifuges at 4˚C for 20 min at 14,000 rpm, after which 500 µl of centrifugate were transferred into 2 ml sample vial and 500 µl of 0.02 N HClO 4 were added. The samples were capped and mixed before injection into the High Performance Liquid Chromatography (HPLC). Derivatization needs to be in a basic solution, whereas the final solution for HPLC needs to be acidic.
A total of 5 standards were used for the preparation of the standard curves. The standards included putrescine, spermidine, spermine and the internal standard hexame-thylenediamine. The concentrations of putrescine and spermidine in the five standards ranged from 5 to 30 nmoles/ml, whereas the concentrations of spermine ranged from 10 to 60 nmoles/ml. A 500 µl aliquot of hexanemethylenediamine was added to the standards. All standards were brought to a final volume of 10 ml with 0.2 N HClO 4 .
HPLC analysis was performed using a Hitachi HPLC (Hitachi High Technologies America, Inc., Canada) system that included a model L-7100 pump, and L-7200 autosampler, a D-7000 interface, and an ERC-3415a degasser and an L-7480 fluorescence detector. The column used in this analysis was a 25 cm × 2 mm, i.d. 0.5 micron Phenomenex Gemini C18. Injection volume was 50 µl. Polyamines were eluted from the column at 0.3 ml/min with methanol:water (v/v) gradient from 70% methanol to 95% methanol over 6 min and then remaining at 95% methanol for 16.4 min. The system was re-equilibrated with 70% methanol for 15 min before the next injection. For dansyl polyamines, an excitation wavelength of 510 nm. Data collection and processing were done with Hitachi System Manager (HSM) software on the internal standard concentration.
Statistical Analysis
The experimental design used was a split plot and treatments consisted of control, receiving optimum quantity of water throughout the season, and water stress, where irrigation was withheld for two weeks during flowering. Fifty first position white flowers and their subtending leaves were randomly selected from each treatment plot at the end of each week from both locations and each sample was considered as an experimental unit. Analysis of polyamine results was done utilizing a three factor factorial analysis with factors being water-regime, time (week) and location, with fifty replications. JMP 8 software (SAS institute, Cary, NC) was used to evaluate the results while interactions and main effects were tested with Analysis of Variance (ANOVA) at α ≤ 0.05.
Results
Soil Moisture Content and Environmental Data
Significant differences were observed between the water-stressed and control plots in Fayetteville, AR at the end of the first and second week (Figure 1(a) ), however the opposite was observed in Lubbock, TX, where moisture content of both water-stressed and control plots were not significantly different at the end of the first and second week of the stress (Figure 1(b) ). Additionally, similar mean temperatures were recorded in both locations (Figure 2 ) all through the stress period, while the contrary was recorded for relative humidity (Figure 2) . Values of relative humidity were consistently higher in Fayetteville, AR compared to Lubbock, TX resulting in substantial differences in vapor pressure deficit (VPD) with average VPD during the stress period in Fayetteville, AR being 28 KPa and in Lubbock, TX being 39.5 KPa.
Stomatal Conductance
Water-deficit stress resulted in significant decreases in leaf stomatal conductance rates. Water-stressed plants had significantly lower stomatal conductance rates compared to the control for the first week (P ≤ 0.0001) as well as the second week (P ≤ 0.0001) (Figure 3) . Stomatal conductance rates were 38% and 42% lower compared to the control at the end of the first and second week of stress, respectively.
Polyamine Concentrations
Polyamine content of fifty white flowers (ovaries) and their subtending leaves were sampled randomly from each treatment plot at the end of each week from both locations. No interaction was observed in ovary PUT or SPD concentrations between water-regime, time (weeks) and location (P PUT = 0.9112, P SPD = 0.3674), while a significant interaction was observed in levels of SPM (P SPM = 0.0198). However, results were analyzed separately for each location for all three polyamines using a two factor factorial with the factors being water-regime and time (weeks). No interaction was observed between water-regime and time (weeks) in Lubbock, for ovary PUT, SPD and SPM (P PUT = 0.4297, P SPD = 0.3873, P SPM = 0.0926), while a significant interaction was observed for ovary PUT and SPD but not for SPM in Fayetteville (P PUT = 0.0079, P SPD = 0.0011, P SPM = 0.0896), and the effects of water-deficit stress were analyzed separately for each week using Student's t-test at α ≤ 0.05. A significant interaction was observed in leaf PUT concentrations between water-regime, time (weeks) and location (P PUT = 0.00029) whereas no interaction was observed in leaf SPD and SPM concentrations (P SPD = 0.3584, P SPM = 0.3127), however again all results were analyzed separately for each location using a two factor factorial with the factors being water-regime and time (weeks). In Lubbock, a significant interaction was found between the two factors in leaf PUT levels (P PUT = 0.0001) while not interaction was observed in leaf SPD and SPM levels (P SPD = 0.2559, P SPM = 0.3387) and a similar pattern was notices in Fayetteville where a significant interaction between water-regime and time (weeks) was found only in leaf PUT levels (P PUT = 0.0092) while the opposite was observed in leaf SPD and SPM (P SPD = 0.8589, P SPM = 0.6117), and the effects of water-deficit stress were analyzed separately for each week using Student's t-test at α ≤ 0.05. Water-deficit stress in Fayetteville had no effect on ovary PUT levels at the end of the first week, however leaf PUT levels were nearly 3-fold higher compared to the control (Figure 4) . Leaf PUT concentrations were again increased at the end of the second week by 256% compared to the control while ovary PUT concentrations significantly increased as well by 54% compared to the control (Figure 4) . Conversely, both ovary SPD ( Figure  5 ) and SPM ( Figure 6 ) concentrations significantly decreased at the end of the first week, by 30% and 31%, respectively whereas leaf SPD significantly increased by 27% (Figure 5) , while leaf SPM levels remained similar to the control (Figure 6 ). Nevertheless, ovary and leaf SPD levels were significantly higher compared to the control at the end of the second week ( Figure 5 ), while both ovary and leaf SPM levels remained unaffected by water stress (Figure 6 ). In Lubbock, PUT concentrations of water-stressed ovaries were almost 2.5-fold higher compared to the control (Figure 7) and the same was observed in PUT levels of water-stressed leaves with them being though almost 9-fold higher compared to the control (Figure 7) . Similarly, at the end of the second week, both ovary and leaf PUT concentrations were significantly higher compared to the control with the increases in the leaf being more pronounced (Figure 7) . In accordance to PUT levels, both SPD (Figure 8 ) and SPM (Figure 9 ) concentrations of water-stressed ovaries were higher compared to the control by 46% and 47%, respectively, while leaf SPD (Figure 8) and SPM (Figure 9 ) levels were also significantly enhanced compared to the control at the end of the first week by 90% and 40%, respectively. Unlike ovary PUT levels, however, water-deficit stress had no effect on either ovary SPD (Figure 8 ) or ovary SPM (Figure 9 ) levels at the end of the second week, while the opposite was observed in leaf SPD and SPM concentrations where water-stressed leaves contained 67% and 30% more SPD (Figure 8 ) and SPM (Figure 9) respectively, compared to the control.
Discussion
Water supply is a key factor regulating cellular growth and development [22] and ultimately crop yield since it determines the function of several physiological and metabolic processes. Stomatal conductance has been reported to greatly decrease under limited water supply conditions [23, 24] . Experiments with potted plants have reported that water-deficit stress decreased cotton leaf stomatal conductance [25, 26] . In our study, in accordance with the majority of the previous research, significant decreases in leaf stomatal conductance rates of waterstressed plants were observed compared to the control.
Nevertheless, contrary to the insignificant responses in glutathione reductase activity in both tissues analyzed [27] pistil and leaf polyamine metabolism was significantly affected by water-deficit stress in both locations. PUT concentrations of water-stressed leaves were significantly increased in both locations, compared to the control, at the end of the first and the second week and a similar pattern was observed in leaf SPD levels. However, water stress resulted in a significant increase in SPM concentrations only in Lubbock, whereas in Fayetteville its levels remained similar to the control. Increased polyamine concentrations have been reported as a response to water-deficit stress in a variety of other crops [28] [29] [30] [31] . Furthermore, Alcazar et al. (2010) [32] reported that transgenic Arabidopsis plants transformed to overproduce PUT were more drought-tolerant compared to the wild types due to their ability to control and induce stomatal closure more effectively, while Liu et al. (2000) [33] made similar observations for SPD and SPM. Stomatal conductance rates of water-stressed leaves in Fayetteville, were significantly decreased at the end of the first and the second week, similar to the increases observed in PUT and SPD concentrations, while SPM remained unaffected leading us to assume that in cotton, PUT and SPD are more efficient in inducing stomatal closure and protecting plants from water loss compared to SPM. Additionally, we speculate that the lack of response in leaf SPM concentrations in Fayetteville compared to Lubbock was due to the environmental differences with the stress being more severe in Lubbock. Regarding ovary polyamine concentrations, a differential response was observed between the two locations at the end of first week as well as at the end of the second week. Water-stressed PUT concentrations were significantly higher compared to the control in Lubbock at the end of the first and second week, while ovary SPD and SPM levels were significantly increased only at the end of the first week, but they remained unaffected at the end of the second. Conversely, in Fayetteville ovary PUT concentrations remained unaffected at the end of the first week, whereas SPD and SPM levels significantly decreased, while at the end of the second week ovary PUT, SPD and SPM concentrations were significantly higher in water-stressed ovaries compared to the control. Similar to leaves, increases in polyamine concentrations in reproductive units of chickpea (Cicer arietinum L.) have been observed [28] . In addition, Capell et al. (2004) [34] observed that PUT concentrations in rice have to surpass a certain threshold in order for SPD and SPM biosynthesis to be triggered. Similar results were reported also by Alcazar et al., (2010) [32] in experiments with Arabidopsis. We speculate that the decreases in SPD and SPM concentrations in Fayetteville in the first week were due to the insignificant increases in PUT levels that failed to initiate SPD and SPM biosynthesis, while the stress resulted in activation of SPD and SPM catabolic pathway, which has also been observed by Capell et al. (1993) [35] .
Conversely, in Lubbock at the end of first week, the stress was enough to enhance PUT levels past the threshold, resulting in significant increases in both SPD and SPM concentrations. A similar pattern was observed in Fayetteville at the end of the second week, with both SPD and SPM levels of water-stressed being significantly higher compared to control after PUT concentrations were apparently past the critical level to induce their biosynthesis. However, the over-production of PUT observed at the end of the second week in Lubbock resulted in SPD and SPM levels of water-stressed ovaries remaining similar to the control, leading us to speculate either that nitrogen pools of the plants were depleted or plants were unable to utilize them, as has also been reported by Lazcano-Ferrat and Lovett (1999) [36] . Hence, polyamine metabolism in cotton appears to be greatly affected by water stress, with leaf polyamine metabolism being more sensitive compared to ovary polyamine metabolism, which is in accordance with the observed enhanced drought tolerance of cotton reproductive units compared to leaves.
The results of our study indicated that leaf and ovary polyamine metabolism were significantly affected by limited water supply, suggesting that polyamines have a critical role in cotton protection under adverse environmental conditions, especially PUT and SPD. However, more research needs to be conducted in order to elucidate the exact function of each polyamine and the ways polyamines can be used to enhance drought-tolerance in cotton.
